Pathways of mannitol biosynthesis and utilization in Aspergillus candidus NRRL 305 were studied in cell-free extracts of washed mycelia prepared by sonic and French pressure cell treatments. A nicotinamide adenine dinucleotide-linked mannitol-l-phosphate (MIP) dehydrogenase was found in French pressure cell extracts of D-glucose-grown cells, whereas a specific mannitol-l-phosphatase was present in extracts prepared by both methods. The existence of these two enzymes indicated that mannitol may be synthesized in this organism by the reduction of fructose-6-phosphate. A specific nicotinamide adenine dinucleotide phosphate-linked mannitol dehydrogenase was also identified in both extracts. This enzyme may have been involved in mannitol utilization. However, the level of the mannitol dehydrogenase appeared to be substantially reduced in extracts from mannitol-grown cells, whereas the level of MIP dehydrogenase was increased. A hexokinase has been identified in this organism. Fructose-6-phosphatase, glucose isomerase, and mannitol kinase could not be demonstrated.
Pathways of mannitol biosynthesis and utilization in Aspergillus candidus NRRL 305 were studied in cell-free extracts of washed mycelia prepared by sonic and French pressure cell treatments. A nicotinamide adenine dinucleotide-linked mannitol-l-phosphate (MIP) dehydrogenase was found in French pressure cell extracts of D-glucose-grown cells, whereas a specific mannitol-l-phosphatase was present in extracts prepared by both methods. The existence of these two enzymes indicated that mannitol may be synthesized in this organism by the reduction of fructose-6-phosphate. A specific nicotinamide adenine dinucleotide phosphate-linked mannitol dehydrogenase was also identified in both extracts. This enzyme may have been involved in mannitol utilization. However, the level of the mannitol dehydrogenase appeared to be substantially reduced in extracts from mannitol-grown cells, whereas the level of MIP dehydrogenase was increased. A hexokinase has been identified in this organism. Fructose-6-phosphatase, glucose isomerase, and mannitol kinase could not be demonstrated.
Pathways for the biosynthesis and utilization of mannitol have been described for many organisms. Basically, there are two mechanisms. In some organisms fructose is reduced directly by an NADPH (reduced nicotinamide adenine dinucleotide phosphate)-linked mannitol dehydrogenase. In a second mechanism, fructose-6-phosphate (F6P) is reduced to mannitol-l-phosphate (M1P) via an NADH (reduced nicotinamide adenine dinucleotide)-linked MlP dehydrogenase. MlP is acted upon by a specific phosphatase (mannitol-1-phosphatase) that releases inorganic phosphate and mannitol.
Mannitol utilization occurs by reversing these reactions; however, mannitol must be phosphorylated when MlP dehydrogenase is involved (3). Touster and Shaw (11) (8) or in a phenol-water solution (4:1, w/v). The sugars were detected by spraying the developed papers with 2% p-anisidine phthalate in 95% ethyl alcohol and heating at 110 C for 10 min. The spots were observed and marked under ultraviolet light (366 nm). The paper was then sprayed with a 1% periodate solution. Polyols appeared as white spots on a purple background.
This chromatographic procedure was also used to confirm the identity of the sugar and polyol phosphates after treatment with alkaline phosphatase (EC 3.1.3.1).
Fructose and F6P were quantitatively determined by the method of Roe et al. (9) . MIP was assayed by the periodiate oxidation method (12) . Glucose was measured by alkaline ferricyanide reduction with an autoanalyzer (10) . Protein was assayed by the procedure of Lowry et al. (6) .
Enzyme preparation and assays. The mycelia from 24-hr cultures were harvested by centrifugation or filtration and washed thoroughly with cold 0.1 M phosphate buffer (pH 7.0) or with cold distilled water (for phosphatase assay). The washed mycelia were broken by treatment with a prechilled French pressure cell (FPC; American Instrument Co., Inc., Silver Spring, Md.). The extracts were centrifuged at 0 to 4 C at 20,000 X g for 40 min, or as indicated. The supernatant fluid (crude extract) was used for enzyme assays.
Mannitol and MlP dehydrogenase activities were assayed by following nicotinamide adenine dinucleotide phosphate (NADP) and nicotinamide adenine dinucleotide (NAD) reductions, respectively, at 340 nm. The reaction mixture consisted of 1.0 ml of substrate, 0.2 ml of buffer (0.2 M glycine-NaOH, pH 9.8), 0.1 ml of NADP or NAD (0.01 M), and 0.05 ml of extract. The extract was added to start the reaction. NADPH and NADH oxidation were studied with 0.1 M sodium acetate (pH 6.0). The assays were carried out at 25 C.
Mannitol-1-phosphatase activity was determined by measuring the inorganic phosphate released by the Fiske and Subbarow method. MlP (19 ;,moles) was incubated at 25 C with 0.7 ml of buffer, 0.2 ml of extract (water-washed cells), and distilled water to a volume of 2.0 ml. At 0 and 15 min, 0.4 ml was removed and pipetted into 1.0 ml of 10% trichloroacetic acid. The protein was removed by centrifugation.
NADP reduction was used to detect hexokinase. To secure further evidence for the action of this enzyme, ketose production was examined. reduction of F6P, because of the mannitol-1-phosphatase. The most plausible explanation for the presence of this enzyme would be its participation in mannitol production from MlP since it is specific for this substrate. If mannitol dehydrogenase were active in mannitol biosynthesis, there would have to be a source of fructose. No evidence for fructose-6-phosphatase or glucose isomerase (7) was found.
If mannitol dehydrogenase were active in mannitol utilization, then the organism would need a mechanism of incorporating fructose into its metabolism. Evidence is given in Fig. 4 for the existence of such a mechanism in extracts of this organism (i.e., an enzyme capable of phosphorylating fructose). This enzyme, probably a hexokinase, was demonstrated by means of an NADP-reduction assay based on the production of G6P from newly formed F6P by phosphoglucoisomerase (EC 5.3.1.9). NADP reduction occurs via G6P dehydrogenase (EC 1.1.1.49). The latter reaction was readily demonstrated in the extracts with G6P and NADP. Phosphoglucoisomerase has been reported in Aspergillus (2) (8.7 mg of protein/ml of extract; 0.09% glucose). PI = extract from washed mycelia which were shaken at 28 C for 2 hr before breakage (3.2 mg of protein/ml; 0.024% glucose). NADP (1.0 mole) was added after 15 min incubation at 25 C. Total volume, 3.0 ml. data present indirect evidence for the existence of phosphoglucoisomerase in A. candidus extracts as well. The reaction was ATP-dependent (Fig.  4) . A high level of endogenous activity was removed by preincubating washed mycelia so that excess glucose could be metabolized before breaking the cells (Fig. 4) nitol-grown cells revealed both dehydrogenases and the phosphatase as well. Somewhat more perplexing was the finding that MlP dehydrogenase was present to a higher degree than in glucose-grown cells (Table 3) .
The relationship of the two dehydrogenase activities is unusual. If MIP dehydrogenase is active in mannitol biosynthesis, then why is it present to a much greater extent in mannitolgrown cells? If it is active also in mannitol utilization, a satisfactory mechanism for mannitol phosphorylation remains to be established. Similarly, mannitol dehydrogenase is reduced in activity where it would be expected to be high (i.e., in mannitol-grown cells). Since a mechanism for fructose formation has not been found, there is no evidence that mannitol dehydrogenase is active in mannitol biosynthesis.
The mechanism controlling the production of Fig. 1 and 2 . Values in parentheses are averages of three additional experiments.
bAverage of four experiments. these enzymes and the pathway of either biosynthesis or utilization of mannitol remain undetermined. The answers to these problems lie in the detection of those enzymes that introduce the proper substrates for the respective dehydrogenases. The metabolic regulation of these enzymes should be an interesting phenomenon as well.
